Plant haploid gametes, sperm and egg, are generated by meiosis in male and female gametophytes, respectively. Vegetative and central cells, adjacent to the sperm and egg cells, respectively, are necessary for fertilization and seed development. The vegetative cell in pollen generates a pollen tube that transports two sperm cells to the ovary. The egg is fertilized by one sperm to form the embryo, and the homodiploid central cell is fertilized by the other sperm cell to generate the triploid endosperm, a nutrient-rich tissue that feeds the growing embryo or the seedling. Monocot cereal seeds provide 50% of the world's dietary energy consumption, and most calories are in the endosperm ([@r1]). Rice feeds half of the global population and is the predominant source of nutrition for the world's poor ([@r2]). Understanding proper development of rice companion cells, gametes, and seeds is key to improvement of crop security worldwide.

DNA methylation is associated with transcription silencing in eukaryotic organisms ([@r3]). In plants, methylation is in three nucleotide contexts: CG, CHG, and CHH (H = A, T, or C) ([@r4]). In *Arabidopsis*, CG methylation is maintained by DNA METHYLTRANSFERASE 1 (MET1) and is present in both genes and transposable elements (TEs) ([@r4]). Non-CG methylation is present in TEs and is maintained by distinct pathways depending on the chromatin environment (heterochromatic vs. euchromatic) ([@r4]). CHG and CHH methylation in short euchromatic TEs with a low level of heterochromatic histone marks (e.g., H3K9me2) is maintained by the RNA-dependent DNA methylation (RdDM) pathway, which uses mobile small RNAs (sRNAs) to recruit the DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) DNA methyltransferase to target sequences ([@r4], [@r5]). Non-CG methylation in heterochromatic TEs with higher levels of heterochromatic marks is maintained by CHROMOMETHYLASE (CMT) 3 (CHG) and CMT2 (CHH) DNA methyltransferases ([@r4], [@r5]). DNA methylation is actively removed by a family of DNA glycosylases, DME, ROS1, and DME-LIKE (DML) proteins 2 and 3 in *Arabidopsis* ([@r6]), which excise 5-methylcytosine that is replaced by cytosine via the base excision repair pathway.

DME-mediated DNA demethylation is essential for *Arabidopsis* plant reproduction, and inheritance of loss-of-function maternal or paternal mutant *dme* alleles results in seed abortion or reduced sperm transmission, respectively ([@r7], [@r8]). DME is expressed in the vegetative and central cells and demethylates their genomes at about 10,000 sites, primarily at euchromatic TEs and the edges of large TEs ([@r3], [@r9][@r10][@r11]--[@r12]). DNA demethylation at central cell TEs regulates adjacent gene expression, which can result in gene imprinting in the endosperm ([@r13]). By contrast, ROS1 and DML-mediated DNA demethylation are not essential for *Arabidopsis* reproduction ([@r14]). *ROS1* and *DML* genes are expressed primarily in sporophytic (e.g., roots and shoots) cells and at a lower level compared with DME in the vegetative cell ([@r15], [@r16]).

Phylogenetic analysis identified rice DNA demethylation genes only in the ROS1 and DML orthology group ([@r17]). Rice *ROS1a*, like DME in *Arabidopsis*, is expressed in pollen and unfertilized ovules, and its loss-of-function mutation results in seed abortion and reduced sperm transmission ([@r18]). However, whether ROS1a has DNA demethylation function during rice reproduction is unknown.

Here, we report the role of DNA demethylation by ROS1a in rice male gametophytes. We found that rice wild-type vegetative cells are CG-hypomethylated at specific loci compared with sperm. The hypomethylation is lost in *ros1a* mutant vegetative cells, indicating that ROS1a is responsible for DNA demethylation in the vegetative cell. ROS1a targets in the vegetative cell were also hypomethylated in the central cell and maternal endosperm genomes, suggesting that ROS1a may function in the central cell. ROS1a is required for non-CG hypermethylation in sperm at hypomethylated sites in the vegetative cell, which may involve communication between the vegetative and sperm cells to reinforce methylation at sperm TEs. Last, we observed that sperm and egg non-CG methylation is dynamically reprogrammed during embryogenesis. Our findings reveal that DNA glycosylase-mediated active DNA demethylation in male gametogenesis is catalyzed by ROS1a and that this mechanism has been conserved in monocots and dicots, despite 150 million years of divergent evolution ([@r19]).

Results {#s1}
=======

Local Hypomethylation Occurs in Rice Vegetative Cells. {#s2}
------------------------------------------------------

To compare the DNA methylation patterns of sperm and vegetative cells in rice, we manually isolated sperm cells and vegetative cell nuclei from Nipponbare. The plants we used ubiquitously express an *H2B-GFP* transgene ([@r20]) that facilitated purification of vegetative cell nuclei visualized under fluorescence microscopy ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Three hundred forty-one purified sperm cells and 432 vegetative cell nuclei were used to generate genome-wide maps (11-fold and ninefold genome coverage, respectively) of DNA methylation ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)), as previously described ([@r9], [@r21]).

We observed similar global shapes of sperm and vegetative cell DNA methylation at TEs and genes with varying overall DNA methylation levels ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Sperm and vegetative cells were both highly CG-methylated in genes and TEs with sperm methylation levels being slightly higher than the vegetative cell levels ([*SI Appendix*, Fig. S2 *A* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). For non-CG methylation, the vegetative cell showed higher DNA methylation than the sperm in TEs ([*SI Appendix*, Fig. S2 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). This observation is also found in *Arabidopsis*, suggesting the highly dimorphic non-CG methylation levels and chromatin dynamics are conserved during late male gametophyte development when a single cell division generates the vegetative cell and sperm lineage ([@r10]). In genes, the non-CG methylation levels were very low ([*SI Appendix*, Fig. S2 *E* and *F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)), similar to other cell types and tissues previously reported in plants ([@r5], [@r17]).

To compare sperm and vegetative cell CG methylation, we calculated the pairwise CG methylation difference within 50-bp windows by subtracting the vegetative cell DNA methylation level from the sperm DNA methylation level. The kernel density of methylation difference indicated that CG methylation is globally unchanged (peak at zero), but a significant loss of DNA methylation (positive peak) occurred locally in the vegetative cell ([Fig. 1*A*](#fig01){ref-type="fig"}). These differentially CG-methylated regions (named CG DMRs; [*SI Appendix*, *Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) ([@r10]) consisted of 105,909 50-bp windows. We then determined how non-CG methylation behaves in the identified CG DMRs (shaded in red, [Fig. 1*A*](#fig01){ref-type="fig"} and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). CHG methylation in CG DMRs was likewise hypomethylated ([Fig. 1*B*](#fig01){ref-type="fig"}, red trace), even though CHG is globally hypermethylated compared with sperm ([Fig. 1*B*](#fig01){ref-type="fig"}, gray trace). A weaker correspondence exists for CHH methylation ([Fig. 1*C*](#fig01){ref-type="fig"}), perhaps because RdDM patterns are more variable and may be partially restored after DNA demethylation. These results suggest that non-CG DNA demethylation occurs primarily in discrete regions displaying CG demethylation.

![Local hypomethylation occurs in rice vegetative cells (vc). (*A*) Density plot showing the frequency distribution of CG methylation differences between sperm cell and vegetative cell 50-bp windows. The windows with a difference of at least 0.5 are used as vegetative cell DMRs regions compared with sperm (shaded in red, CG DMRs). (*B* and *C*) Density plots showing the frequency distribution of CHG methylation (*B*) and CHH methylation (*C*) differences between sperm and vegetative cells. The analysis marked by red is confined to CG-hypomethylated loci (shaded in *A*), and the gray trace contains all loci.](pnas.1821435116fig01){#fig01}

To determine where the CG hypomethylation occurs broadly in the genome, we used a less stringent filter to identify the hypomethylated sites in the genome as previously described ([*SI Appendix*, *Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) ([@r22]). Also, these broad demethylated sites are useful for identifying where these hypomethylated regions are predominantly located. We identified 75,064 loci ([Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), named low-stringency DMRs) that were significantly hypomethylated at CG sites in the vegetative cell compared with sperm. They are preferentially found in TEs and nonannotated regions, unlike endosperm DMRs (compared with the embryo) that were largely found in gene introns and nonannotated regions ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) ([@r22]). These loci containing TEs were predominantly short in size (less or equal to 500 bp), even though the majority of TEs in the genome are over 5 kb in length ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). The low-stringency DMRs ([Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) contain 92% of the CG DMRs in [Fig. 1*A*](#fig01){ref-type="fig"} (red-shaded region). The remaining CG DMRs (8% of the total), surrounded by less demethylated sites in the vegetative cells compared with sperm, were excluded from the low-stringency DMRs in [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental) ([*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Conversely, 16% of low-stringency DMRs overlap with CG DMRs. Because the low-stringency DMRs contain a large number of 50-bp windows with much less methylation difference and with low sequence coverage, we utilized the more robust CG DMRs for our further analyses.

Previous studies identified that *Arabidopsis* vegetative cell DMRs are located predominantly in euchromatic TEs ([@r5]). To determine whether rice vegetative cell DMRs are preferentially found in euchromatic TEs, we analyzed the correlation between the level of CG hypomethylation in TEs with CG content associated with long heterochromatic TEs, as well as the enrichment of heterochromatin marks (H3K9me2 and H3K9me1) ([@r23]). The loci depleted for heterochromatic features ([*SI Appendix*, Fig. S4 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), yellow boxes) lost more DNA methylation in the vegetative cell compared with the loci that were more heterochromatic ([*SI Appendix*, Fig. S4 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), blue boxes). Consistently, the sites enriched for euchromatic marks (H3K27me3, H3K4ac, H3K9ac, and H3K27ac) lost more DNA methylation ([*SI Appendix*, Fig. S4 *E*--*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), blue boxes) in the vegetative cell compared with the loci that were less euchromatic ([*SI Appendix*, Fig. S4 *E*--*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), yellow boxes). The correlation between vegetative cell hypomethylation and heterochromatin mark depletion as well as with euchromatic mark enrichment suggests that the loss of DNA methylation occurs more frequently in euchromatic TEs. This profile strongly resembles what was observed previously in *Arabidopsis* ([@r10], [@r24]), suggesting that the rice DNA demethylation glycosylase is affected by chromatin structure very similarly to the *Arabidopsis* DME demethylation glycosylase.

Vegetative Cell Local Hypomethylation Requires ROS1a. {#s3}
-----------------------------------------------------

A loss-of-function mutation in the rice *ROS1a* gene displays DME-like phenotypes such as seed abortion and low pollen germination ratio, suggesting that ROS1a functions like DME during rice seed development ([@r18]). To determine whether ROS1a has a role in DNA demethylation in pollen, especially in the vegetative cell, we isolated sperm cells and vegetative cell nuclei from heterozygous *ros1a/+* plants (the strong *ros1a* allele cannot be made homozygous) ([@r18]), which also expressed a *UBQ::H2B-GFP* transgene to facilitate visualization of vegetative and sperm nuclei. Due to the previously reported Mendelian 1:1 segregation of wild-type and *ros1a* alleles during meiosis ([@r18]), the population of sperm and vegetative cells isolated from heterozygous *ros1a/+* plants were predicted to have a 1:1 mixture of *ros1a*:wild-type alleles. We constructed bisulfite-treated genomic libraries using 398 sperm and 277 vegetative cell nuclei and generated maps of DNA methylation with a sevenfold genome coverage for both samples ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)).

The DNA methylation profiles at TEs of vegetative cells isolated from *ros1a*/+ plants showed a slight global increase in CG methylation compared with wild type ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). By contrast, there was no appreciable difference between mutant and wild-type sperm TEs ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Comparing sperm and vegetative cells by kernel density analysis revealed that the local hypomethylation we detected in wild-type vegetative cells versus sperm decreased in vegetative cells versus sperm cells isolated from *ros1a/+* plants ([Fig. 2*A*](#fig02){ref-type="fig"}, dotted box). This result suggests that ROS1a-mediated DNA demethylation is responsible for local hypomethylation in the vegetative cell. To directly examine the effects of the *ros1a* mutation on CG DMRs, we calculated DNA methylation differences between vegetative cells isolated from wild-type and *ros1a/+* plants. Globally, there was no change in CG methylation between *ros1a*/+ and wild type ([Fig. 2*C*](#fig02){ref-type="fig"}, gray trace, peak at zero), but all sequences that overlap with CG DMRs had a higher DNA methylation level in *ros1a/+* compared with wild type ([Fig. 2*C*](#fig02){ref-type="fig"}, red trace, positive peak). Similar results were observed by directly comparing individual TEs ([Fig. 2*B*](#fig02){ref-type="fig"}). Moreover, the peak of fractional differences between *ros1a*/+ and wild type in the CG DMRs was close to 0.5 ([Fig. 2*C*](#fig02){ref-type="fig"}, red trace), likely because our mutant sample is heterozygous, and the data display the average DNA methylation difference between an equal mixture of *ros1a* and wild-type vegetative cells. Similar to CG methylation, CHG methylation in vegetative cells isolated from *ros1a/+* plants also showed a higher DNA methylation level at CG DMRs ([Fig. 2 *B* and *D*](#fig02){ref-type="fig"}). A similar but weaker correspondence exists for CHH methylation ([Fig. 2 *B* and *E*](#fig02){ref-type="fig"}), presumably because sRNA-directed DNA methylation (RdDM) patterns are more variable and may be partially restored after DNA demethylation. Taken together, these results suggest that ROS1a is responsible for local DNA demethylation in rice vegetative cells and removes DNA methylation at target sites in all sequence contexts.

![ROS1a is required for the local hypomethylation in the vegetative cell. (*A*) Density plot of CG methylation differences between sperm cell and vegetative cell 50-bp windows. (*B*) Snapshots of DNA methylation in wild-type and *ros1a/+* vegetative cell (vc). DMRs between wild type and *ros1a/+* are highlighted in red. (*C*--*E*) Density plots of CG (*C*), CHG (*D*), and CHH (*E*) methylation differences between *ros1a/+* vegetative cells and wild-type vegetative cells. The red trace analysis is confined to CG-hypomethylated loci in wild-type vegetative cell compared with wild-type sperm, and the gray trace represents all loci from [Fig. 1*A*](#fig01){ref-type="fig"}.](pnas.1821435116fig02){#fig02}

ROS1a Indirectly Regulates Sperm Non-CG Methylation. {#s4}
----------------------------------------------------

Previous studies in *Arabidopsis* suggested that DME DNA methylation in the vegetative cell indirectly promoted non-CG methylation in sperm cells ([@r10]). We thus set out to determine the extent to which the *ros1a* mutation alters sperm non-CG DNA methylation. At control loci not hypomethylated in the vegetative cell (compared with sperm), there was no detectable difference in CHG methylation in wild-type sperm compared with sperm isolated from *ros1a/+* plants ([Fig. 3*A*](#fig03){ref-type="fig"}, blue trace peak centered at zero). By contrast, at loci hypomethylated in vegetative cells (ROS1a targets), wild-type sperm were CHG-hypermethylated compared with sperm isolated from *ros1a/+* plants ([Fig. 3*A*](#fig03){ref-type="fig"}, red trace peak greater than zero). A similar trend was observed for CHH methylation ([Fig. 3*B*](#fig03){ref-type="fig"}). CG methylation, however, showed a minimal difference but with a similar trend as non-CG methylation ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Consistent with the density plots, the absolute level of sperm DNA methylation at vegetative cell hypomethylated loci was lower in sperm isolated from *ros1a/+* plants compared with wild type at non-CG sequences ([Fig. 3*C*](#fig03){ref-type="fig"}). Finally, *ros1a/+* CG DMRs in the vegetative cell overlap sites displaying decreased CHH and CHG methylation in *ros1a/+* sperm ([Fig. 3*D*](#fig03){ref-type="fig"}). Taken together, these results suggest that ROS1a DNA demethylation in the vegetative cell indirectly functions to promote non-CG methylation in rice sperm.

![ROS1a indirectly affects non-CG methylation in sperm. (*A* and *B*) Density plots of CHG (*A*) and CHH (*B*) methylation differences between wild-type sperm and *ros1a/+* sperm. The blue traces display control loci that are not hypomethylated in the vegetative cell (vc), with the sperm and vegetative cell methylation difference less than zero in CG, CHG, and CHH (see [Fig. 1 *A*--*C*](#fig01){ref-type="fig"}, gray trace). The red traces in [Fig. 3 *A* and *B*](#fig03){ref-type="fig"} contain the CG DMRs in [Fig. 1*A*](#fig01){ref-type="fig"} (shaded region) that also have sperm and vegetative CHG and CHH methylation differences bigger than zero, as shown in [Fig. 1*B*](#fig01){ref-type="fig"} (red trace) and [Fig. 1*C*](#fig01){ref-type="fig"} (red trace), respectively. The red trace containing loci in [Fig. 3 *A* and *B*](#fig03){ref-type="fig"} corresponded to 24% of all CG DMRs found under the red-shaded region in [Fig. 1*A*](#fig01){ref-type="fig"}. (*C*) Box plots with absolute DNA methylation levels of 50-bp windows in sperm at CG-hypomethylated loci in vegetative cells (\*\*\*\**P* \< 0.0001, Wilcoxon's matched-pairs signed-rank test). (*D*) Snapshots of direct and indirect target sequences of ROS1a in the vegetative cell and in the sperm, respectively. The graph was smoothed by taking the median of three consecutive 50-bp windows. The sites regulated by ROS1a in vegetative cell and sperm are highlighted in red.](pnas.1821435116fig03){#fig03}

ROS1a Target Sequences in the Vegetative Cell Overlap Endosperm and Central Cell DMRs. {#s5}
--------------------------------------------------------------------------------------

*Arabidopsis* DME-demethylated sequences in the vegetative cell display a 50% overlap with demethylated sequences in the maternal endosperm genome ([@r10]). Given that ROS1a is a functional analog of DME in the rice male gametophyte, we asked whether similar sequences are hypomethylated in rice vegetative cell, central cell, and endosperm. To this end, we plotted and compared vegetative cell CG DMRs ([Fig. 1*A*](#fig01){ref-type="fig"}, shaded in red) with previously published hypomethylated sites in the central cell compared with egg cell (central cell DMR, [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) and endosperm compared with embryo (endosperm DMR, [Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) ([@r9], [@r17]). Vegetative cell DMRs were substantially shared with endosperm and central cell DMRs, as indicated by the larger peak on the right side of the density distribution ([Fig. 4*A*](#fig04){ref-type="fig"}, green trace and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), blue trace) compared with all loci control ([Fig. 4*A*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), gray traces). Vegetative cell DMRs overlapped with 40 and 32% of endosperm DMRs and central cell DMRs, respectively ([*SI Appendix*, Fig. S6 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Additionally, the absolute DNA methylation levels in the vegetative cell at endosperm DMRs ([Fig. 4*B*](#fig04){ref-type="fig"}) or central cell DMRs ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)), respectively, were significantly higher in *ros1a/+* mutant plants compared with wild type. The overlap of vegetative cell, central cell, and endosperm DMRs, along with the genetic requirement for ROS1a for viable seed and its expression in ovules ([@r18]), is consistent with ROS1a acting as a DNA demethylating glycosylase in the central cell.

![ROS1-targeted DMRs in the vegetative cell overlap with endosperm DMRs. (*A*) Density plots of CG methylation differences between sperm and vegetative cells. The gray trace represents all loci, and the green trace contains the sequences that overlap with hypomethylated sites in endosperm compared with embryo. (*B*) Box plots displaying absolute DNA methylation levels of wild-type and *ros1a/+* vegetative cell 50-bp windows (\*\*\*\**P* \< 0.0001, Wilcoxon's matched-pairs signed-rank test). (*C*) Snapshots of ROS1a target sites near maternally expressed genes (MEG) and a paternally expressed gene (PEG). Previously published endosperm and embryo data are from [@r17].](pnas.1821435116fig04){#fig04}

ROS1 Family Proteins May Imprint Parent-of-Origin Expressed Genes. {#s6}
------------------------------------------------------------------

Localized DNA demethylation in *Arabidopsis* and rice endosperm is inherited maternally from the central cell and is crucial for parent-of-origin--specific, imprinted gene expression ([@r9]). Some *Arabidopsis*-imprinted genes are also demethylated and expressed specifically in the vegetative cell of pollen ([@r7]). Given that vegetative cell DMRs and endosperm DMRs overlap significantly in rice, we determined whether ROS1a target sequences in the vegetative cell are also located near endosperm-imprinted genes. We determined that vegetative cell DMRs mediated by ROS1a were near previously identified imprinted genes \[[Fig. 4*C*](#fig04){ref-type="fig"}, maternally expressed genes (MEG) and paternally expressed genes (PEG)\] that also displayed differential methylation of maternal and paternal alleles ([@r22]). We identified 45 endosperm-imprinted genes with at least twofold increased expression in vegetative cells compared with sperm cells ([@r25]). Of those 45 genes, 19 genes (42%) showed DNA hypomethylation in both endosperm and vegetative cell compared with egg and sperm, respectively ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), orange and light gray slices), and ROS1a was required for hypomethylation at 16 of these 19 genes (84%) ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), orange slice). Moreover, previously identified genes with parent-of-origin expression that affect seed size or composition (Os07g20110, Os01g08570, Os06g30280, Os10g37540, and Os04g08034) ([@r26]) displayed ROS1-mediated hypomethylation in the vegetative cell ([*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). These results are consistent with the ROS1a protein and/or possibly other ROS1 family proteins regulating gene expression by establishing gene imprinting in the central cell and endosperm.

Global CG Methylation Levels Are Elevated in Rice Male Gametes and Companion Cells. {#s7}
-----------------------------------------------------------------------------------

CG methylation is globally higher in the *Arabidopsis* male sexual lineage (vegetative cells, sperm cells, and the microspores from which they arise) and in rice female gametes (egg and central cells) compared with somatic tissues (leaf and root), which may reflect a more efficient mechanism for maintaining CG methylation in sexual lineages ([@r9], [@r24]). Therefore, we asked whether rice sperm and vegetative cell CG methylation is also globally elevated compared with somatic tissues outside of the local hypomethylated regions. Similar to *Arabidopsis*, rice sperm and vegetative cells displayed elevated levels of TE CG methylation compared with endosperm, embryo, and other somatic tissues ([Fig. 5*A*](#fig05){ref-type="fig"}). These results suggest that CG methylation is more efficiently maintained in the rice male sexual lineage compared with somatic tissues.

![DNA methylation reprogramming occurs during embryogenesis. (*A*) Box plots showing DNA methylation levels of 50-bp windows in TEs of the indicated cell or tissue type. Only sites outside DMRs in the CG context between rice endosperm and embryo are included in the analysis. (*B* and *D*) Box plots showing DNA methylation levels of 50-bp windows in TEs of the indicated cell or tissue type. (*C* and *E*) TEs were aligned at the 5′ (TE start site, TSS) and 3′ (TE end site, TES) ends. CHG (*C*) and CHH (*E*) methylation within each 100-bp interval were averaged and plotted from 4 kb away from the annotated TE (negative numbers) to 4 kb into the annotated TE (positive numbers). The dashed lines represent the points of alignment.](pnas.1821435116fig05){#fig05}

Sperm and Central Cell Genomes Are Globally Hypomethylated in the Endosperm. {#s8}
----------------------------------------------------------------------------

In *Arabidopsis* and rice endosperm, global CG hypomethylation was observed previously ([@r17], [@r24]). Since the CG methylation of the *Arabidopsis* and rice central cell, the origin of maternal genomes inherited in the endosperm, is globally elevated ([@r9]), endosperm global CG hypomethylation must be established after fertilization. However, the methylation status of sperm, the endosperm's paternal-inherited genome, is unknown in rice. To address this question, we compared DNA methylation of rice sperm, central cell, and endosperm in genes and TEs. We found that sperm CG methylation in TEs and genes was elevated compared with endosperm ([*SI Appendix*, Fig. S8 *A* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). In addition to CG methylation, CHG ([*SI Appendix*, Fig. S8 *B* and *E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) and CHH ([*SI Appendix*, Fig. S8 *C* and *F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) methylation in sperm and central cell also showed global hypermethylation both in genes and TEs compared with the endosperm. These results suggest that there is likely to be reduced activity of the distinct DNA methylation pathways for CG, CHG, and CHH methylation to achieve global passive hypomethylation in the endosperm after fertilization.

Non-CG Methylation of Maternal and Paternal Genomes Is Globally Reprogramed After Fertilization. {#s9}
------------------------------------------------------------------------------------------------

Recent studies identified that global DNA methylation reprogramming in plant embryo occurs after fertilization ([@r27], [@r28]); however, how DNA methylation of egg and sperm genomes transforms after fertilization is largely unknown. To address this question, we compared the DNA methylation status of sperm, egg cell, and embryo. In embryo, CG methylation level was slightly reduced in TEs compared with egg ([*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) and sperm ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). In genes, CG methylation levels are essentially identical between gametes and embryo ([*SI Appendix*, Fig. S9*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). CHG methylation, however, was much higher in egg in both TEs and genes, but was lower in sperm compared with embryo in TEs ([*SI Appendix*, Fig. S9*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental) and [Fig. 5 *B* and *C*](#fig05){ref-type="fig"}). Also, the absolute level of CHG methylation difference was very apparent between egg and sperm ([Fig. 5*B*](#fig05){ref-type="fig"}). By contrast, embryo, shoot, and roots showed similar level of CHG methylation ([Fig. 5*B*](#fig05){ref-type="fig"}). We then determined whether these strikingly different CHG methylation levels of maternal-derived and paternal-derived genomes are maintained after fertilization in the embryo. To compare the genomes before and after fertilization, we computationally separated maternal and paternal genomes of the hybrid embryo using single-nucleotide polymorphism (SNP) differences as described previously ([@r22]). Unlike the gametes, the maternal and paternal embryo genomes showed similar levels of CHG methylation ([*SI Appendix*, Fig. S10*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), red boxes), suggesting that CHG DNA methylation on the maternal and paternal alleles equilibrates after fertilization. Similarly, the egg CHH methylation level is much higher ([Fig. 5*D*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S10*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), blue box) compared with sperm as well as maternal-derived embryo CHH methylation ([Fig. 5*D*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S10*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental), green and red boxes). By contrast, the median of sperm CHH methylation level ([Fig. 5*D*](#fig05){ref-type="fig"}, green box) was very similar to the median of paternal-derived embryo ([Fig. 5*D*](#fig05){ref-type="fig"}, red box). Thus, there is a dramatic equilibration of CHH DNA methylation at the maternal- and paternal-derived genomes after fertilization.

We then studied CHH methylation more carefully by plotting CHH methylation levels of sperm, egg, and embryo along the length of TEs. We found that egg CHH methylation was much higher compared with sperm and embryo, consistent with our box plots ([Fig. 5*E*](#fig05){ref-type="fig"}). The sperm CHH methylation, however, was lower compared with embryo near the TE points of alignment ([Fig. 5*E*](#fig05){ref-type="fig"}) that are enriched for short TEs and edges of long TEs, which tend to be euchromatic and sometimes reside at the promoter of genes ([*SI Appendix*, Fig. S9*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) ([@r5], [@r17]). By contrast, the long, autonomous heterochromatic TEs ([*SI Appendix*, Fig. S9*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)) enriched within the TE and away from the TE points of alignment ([Fig. 5*E*](#fig05){ref-type="fig"}), showed the opposite CHH methylation phenotype where CHH methylation was higher in sperm compared with embryo. These results suggest that RdDM (mostly maintaining CHH methylation at short euchromatic TEs and at edges of long TEs) and CMT2 (mostly maintaining CHH methylation within long heterochromatic TEs) are distinctly regulated during embryogenesis ([@r5]). Overall, our comparisons of non-CG methylation before fertilization (egg cells and sperm cells) and after fertilization (embryo) suggest that a complex non-CG methylation reprogramming occurs after fertilization and equilibrates egg- and sperm-derived genomes in embryo.

Discussion {#s10}
==========

Active DNA demethylation by DNA glycosylases is shown to play a key role in seed development in plants by regulating DNA methylation patterns in male and female gametophytes. In *Arabidopsis*, DME is responsible for active DNA demethylation in the central cell and the vegetative cell ([@r7], [@r9], [@r10]). In rice, no DME ortholog has been detected; instead, multiple ROS1 orthologs were identified using DNA sequence similarity ([@r17]). However, genetic ([@r18]) and genome-wide DNA methylation analyses ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}) show that ROS1a activity results in DNA demethylation in the vegetative cell of rice, similar to DME in *Arabidopsis*. Additionally, ROS1a promoter activity is also observed in the rice female sexual lineage similar to DME ([@r18]), suggesting a role of ROS1a in establishing endosperm hypomethylation ([@r17]). Our data indicate that active DNA demethylation by glycosylases in pollen is conserved in two major plant branches, which are separated by 150 million years of evolution ([@r19]).

In *Arabidopsis*, DME-mediated hypomethylated regions overlap significantly between central cell and maternal endosperm (a proxy for DME activity in the central cell) and the vegetative cell, suggesting an overlapping role of DME in these two different cell types ([@r7][@r8][@r9]--[@r10], [@r29]). Similarly, in rice, ROS1a is expressed in both the pollen and ovules ([@r18]). Also, we determined a significant overlap of the DMRs between vegetative cell and sperm (vegetative cell DMRs) and the DMRs between central cell and egg (central cell DMRs) ([Fig. 4*A*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). This suggests that not only does ROS1a target methylated sequences in the vegetative cell, but also may target sites in the central cell, which program gene imprinting in the endosperm ([Fig. 4*C*](#fig04){ref-type="fig"}). The ratio of overlapping sequences between sperm versus central cell and endosperm was not 100%; instead, it was 32 and 40%, respectively ([*SI Appendix*, Fig. S6 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). This is also reminiscent of what we have seen in *Arabidopsis*, whereby vegetative cell and endosperm DMRs overlap by ∼50% ([@r10]). The nonoverlapping DMRs between the vegetative cell and central cell in rice could be due to the differences in chromatin structure between these two cell types, which is presumably important for recruiting ROS1a to the target sequences ([Fig. 2](#fig02){ref-type="fig"}). Moreover, the presence of other ROS1a family proteins (ROS1c, ROS1d, and DML3a) in rice ovule may be responsible for central cell and endosperm DNA demethylation. A previous study identified that other ROS1a family proteins are moderately expressed compared with ROS1a in female but not in the male gametophyte ([@r18]). It is possible that other ROS1a family proteins have different targeting preferences than ROS1a, potentially contributing to differences in demethylated sites between the rice central cell and endosperm, as well as the vegetative cell.

Our data show that ROS1a-mediated DNA demethylation reinforces sperm non-CG DNA methylation ([Fig. 3](#fig03){ref-type="fig"}). One possibility is that there is communication between sperm and vegetative cells and that the signal is generated by ROS1a-mediated DNA demethylation in the vegetative cells. The signal could be part of the RdDM pathway because it targets non-CG DNA methylation at euchromatic TE sequences ([@r5]). The signal could be an mRNA fragment or a small RNA molecule, as it has been shown that RNA can move from the vegetative cell to sperm cell ([@r30], [@r31]). Consistent with this idea, it has been proposed that sRNA, generated by active DNA demethylation in the vegetative cell, is responsible for DNA methylation reprogramming in the sperm cells of *Arabidopsis* ([@r10], [@r16]). This reinforcement of DNA methylation by the vegetative cell also highlights another role of vegetative cells, where active DNA demethylation in this cell type, potentially resulting in harmful transposition of mobile elements, may be used to generate sRNAs that mediate DNA methylation to immunize the sperm and, therefore, the next generation against TE activation.

In animals, global DNA methylation reprogramming in embryo occurs after fertilization ([@r32]). Our data show that global DNA methylation reprogramming occurs in both rice endosperm and embryo, the tissues from double-fertilization in plants. In rice endosperm, global CG and non-CG DNA methylation are reduced after fertilization both in TEs and genes ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)), suggesting that all maintenance DNA methyltransferases, MET1, CMT3, and CMT2, are less active during endosperm development contributing to globally passive CG and non-CG hypomethylation. Consistent with our results, MET1 in *Arabidopsis* endosperm is significantly down-regulated compared with the embryo, and the residual CG methylation may be catalyzed by other distinct MET family members ([@r33]).

Dramatic reprogramming of non-CG methylation has also been observed in *Arabidopsis* root ([@r27]) and embryo development ([@r28], [@r34]). DNA methylation reprogramming also occurs in the rice embryo after fertilization, as shown by comparing embryo-specific DNA methylation patterns with sperm and egg methylation patterns ([Fig. 5 *C* and *E*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)). Notably, rice sperm and egg cells have significantly different global non-CG methylation levels ([Fig. 5](#fig05){ref-type="fig"}). These dissimilar levels of DNA methylation of male and female gametes are also found in mammals, fish, and insects ([@r35][@r36]--[@r37]). In mammals, the global percentage of CG methylation in sperm is much higher than that of the oocyte. These very different levels of gamete DNA methylation in animals, however, equilibrate after fertilization, where both maternal and paternal genomes undergo active demethylation in the zygote before embryogenesis ([@r35]). In rice, we observed that global non-CG methylation levels are very different in sperm and egg cells, but their DNA methylation levels are similarly equilibrated in the embryo ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental)), alluding to potential DNA reprogramming during embryogenesis in plants.

Materials and Methods {#s11}
=====================

Complete details concerning plant materials, experimental methods, and data analyses are provided in the [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821435116/-/DCSupplemental).
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